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The recent and exciting discovery of superconductivity in the hole-doped infinite-layer nickelate
Nd1−δSrδNiO2 draws strong attention to correlated quantum materials. From a theoretical view
point, this new class of unconvential superconducting materials provide an opportunity to unveil new
physics in correlated quantum materials. Here we study the temperature and doping dependence
of the local spectrum of the charge, spin and orbital susceptibilities from first principles. By using
ab initio LQSGW+DMFT methodology, we show that onsite Hund’s coupling in Ni-d orbitals gives
rise to multiple signatures of Hund’s metallic phase in Ni-eg orbitals. The proposed picture of the
nickelates as an eg (two orbit) Hund’s metal differs from the picture of the Fe-based superconductors
as a five orbital Hund’s metal as well as the picture of the cuprates as doped charge transfer
insulators. Our finding unveils a new class of the Hunds metals and has potential implications for
the broad range of correlated two orbital systems away from half-filling.
Introduction. Although the mechanisms of uncon-
ventional superconductivity remain elusive, the discov-
eries of new classes of unconventional superconductors
have proliferated experimentally. These experimental ef-
forts revived the interest in correlated quantum mate-
rials and provided opportunities to unveil new physics
hidden within them. To illustrate, in the cuprate su-
perconductors [1], superconductivity emerges by doping
a charge transfer insulator [2], where the on-site Hub-
bard interaction (U) localizes electrons such that their
quasiparticle weight vanishes [3, 4]. According to the
theory of conventional superconductors, it is improbable
that this bad-metallic phase would support superconduc-
tivity. This motivated the theoretical proposals of su-
perconducting pairing mechanisms beyond the Bardeen-
Cooper-Schrieffer (BCS) paradigm [5–7]. This in turn
lead to the discovery of other unconventional supercon-
ductors wherein a superconducting phase emerged from
the bad-metal ”parent” state, and this bad-metal state
did not necessarily form due to a strong the Hubbard
interaction. For example, in the multi-orbital Fe-based
superconductors [8, 9], the on-site Hunds coupling (J)
promotes bad metallic behavior in their normal phase[10–
13]. This gives rise to the new concept of the Hund’s
metal [14, 15], which plays the role of a reliable reference
system for Fe-based superconducting materials [12, 14–
20] and ruthenates [12, 21–24].
Recently, the thrilling discovery of Ni-based supercon-
ductors [25–28] turns the spotlight on correlated quan-
tum materials and their unconventional superconductiv-
ity [29, 30]. Nd0.8Sr0.2NiO2 and infinite-layer cuprates,
e.g. CaCuO2, are isostructural [31, 32], where the two di-
mensional Ni-O plane is geometrically analogous to the
Cu-O plane in the cuprate. The Ni-dx2−y2 orbital of
each Ni1+ ion can be expected to be half-filled with an
effective spin-1/2 on each site according to the oxidation
state rules. In combination, this makes Nd0.8Sr0.2NiO2
a promising cuprate analog [33–38].
However, the differences from cuprates are striking. Its
parent compound is seldom regarded as a charge transfer
insulator [34, 39–41] and there is no sign of long-range
magnetic orders [32] down to 1.7 K. In addition, its par-
ent compound shows a resistivity upturn upon cooling
[25], which is common in heavy-fermion superconductors
and is often due to Kondo effects [42, 43]. The sign
change of the Hall coefficient implies that electrons as
well as holes may play an important role in the materials
properties [25], implying its multi-orbital nature [43–45].
Moreover, it is debatable whether the doped hole forms
a spin singlet or triplet doublon with the original hole on
a Ni ion [46–52], suggesting possible Hund metal physics
[43, 53, 54]. These similarities and differences to various
unconventional superconductors are puzzling, but they
do provide a chance to explore hidden aspects of electron
correlation.
In this paper, we will investigate a new aspect of
the multi-orbital physics in infinite-layer nickelates from
first principles. By using ab initio LQSGW+DMFT
methodology [55, 56], a parameter-free electronic struc-
ture method targeting correlated quantum materials, we
calculate the electronic structure of infinite layer nicke-
lates. In particular, we will investigate the role of Hund’s
coupling in the temperature and doping dependence of
the local spectrum of the charge, spin and orbital suscep-
tibilities. We found multiple signatures of “Hundness”
associated with the Ni-d subshell in both the parent and
doped compounds. In particular, we found that Hund-
ness becomes apparent among the Ni-eg orbitals but not
the Ni-t2g orbitals, wherein the Hundness is strongly sup-
pressed by the inactivity of the Ni-t2g orbitals.
Methods. Following the literature [33, 42, 52, 53, 57–
60], we studied La1−δBaδNiO2 instead of Nd1−δSrδNiO2
to avoid the difficulty in the treatment of the Nd-
4f band. This is acceptable, as it has been reported
2FIG. 1. Total and orbital-resolved spectral function of
La0.8Ba0.2NiO2 along a high-symmetry line as calculated
within ab initio LQSGW+DMFT at T=300K. Of the two
bands crossing the Fermi level, the lower energy band shows
Ni-dx2−y2 character, and the other, self-doping band at higher
energy is a mixture of La-dz2 , Ni-dz2 , La-dxy and Ni-pz.
that La1−δBaδNiO2 has a similar electronic structure to
Nd1−δSrδNiO2. Here we note that there are reports that
intra-atomic 4f -5d exchange coupling in Nd atom can
induce spin-disorder broadening of the electron pockets
[61] and the Nd f orbital can hybridize strongly with the
Ni-dx2−y2 orbital [62]. The effect of Ba doping has been
treated within the virtual crystal approximation. For
the LQSGW+DMFT scheme, the code ComDMFT [56]
was used. For the LQSGW part of the LQSGW+DMFT
scheme, the code FlapwMBPT [63] was used. For the
details of electronic structure calculation, please see the
supplementary materials.
Results and Discussions. The low-energy electronic
structure of La1−δBaδNiO2 shows multi-orbital charac-
ters. In particular, the two bands crossing the Fermi-
energy have substantial Ni-eg orbital character. Fig. 1
shows the electronic structure of La0.8Ba0.2NiO2 within
ab initio LQSGW+DMFT. Consistent with the results
obtained with other electronic structure methodologies
such as DFT [33, 36, 37, 42–44, 52, 60, 62, 64–68],
DFT+DMFT [34, 53], one-shot G0W0 [59], the total
spectral function shows that there are two bands cross-
ing the Fermi level. Of these two bands, the lower en-
ergy band shows strong two dimensional character, and
it is dominated by the Ni-dx2−y2 orbitals. The remaining
TABLE I. Electron occupation of Ni-d orbitals in
La0.8Ba0.2NiO2 and Fe-d orbitals in FeSe at T=300K
Materials dxy dyz dxz dz2 dx2−y2
La0.8Ba0.2NiO2 1.94 1.90 1.90 1.60 1.0
FeSe 1.22 1.19 1.19 1.44 1.26
band, the so called self-doping band, is a higher energy
band which shows strong hybridization between other
Ni orbitals and La orbitals. The band dispersion varies
strongly along the direction normal to the Ni-O plane
(zˆ), demonstrating the strong 3-dimensional character of
the self-doping band [42]. Moreover, the orbital character
of the self-doping band is strongly dependent on kz. In
the kz=0 plane, the orbital character of the self-doping
band is mostly La-dz2 and Ni-dz2 [64, 65], In contrast,
in the kz = pi/c plane, where c is the lattice constant
along the zˆ direction, its orbital character is mostly La-
dxy and Ni-pz. This analysis is consistent with recent two
band model study from first-principles, showing that the
two Fermi-level-crossing bands can be spanned by a Ni-
dx2−y2 orbital and an axial orbital [44]. The axial orbital
is not centered on a single atom. Instead, its density is
centered on both the Ni and La atoms.
Orbital occupation in the Ni-d orbitals differentiates
the t2g and eg orbitals. As summarized in Table I, the
Ni-eg orbitals are partially filled but the Ni-t2g orbitals
are fully filled in La0.8Ba0.2NiO2. This orbital occupation
profile is far from a prediction based on oxidation state
rules, i.e., 2, 2, 2, 2, and 1 for Ni-dxy, Ni-dyz, Ni-dxz,
Ni-dz2 , and Ni-dx2−y2 , respectively. Intriguingly, the dif-
ference stands out especially for the Ni-z2 orbital, which
is far from the expected double occupation [54, 57]. This
discrepancy can be explained by the hybridization be-
tween Ni-dz2 and La-dz2 orbitals. The strong hybridiza-
tion between these two orbitals in the Γ-X-M -Γ plane
makes the Ni-dz2 orbital exhibit a dispersion which is
distinct from its dispersion in isolation (the flat band at
EF -1eV in the Z-R-A-Z plane in Fig. 1(c)) [69]. Indeed,
upon Ba doping up to 0.3, only ∼ 25% of the added
holes go into the Ni-d orbitals, while the remaining holes
go into other orbitals, especially the La-dxy, La-dz and
Ni-pz orbitals (as shown in the supplementary materi-
als). This is consistent with other theoretical studies
at low-doping [34, 64], and it makes the t2g-eg differ-
entiation in orbital occupation robust against extrinsic
hole-doping. Here we note that the orbital occupation as
well as the orbital resolved spectral functions are depen-
dent on the choice of the Wannier orbitals. To construct
atomic-orbital-like Wannier orbitals tightly bounded and
centered on the atoms, we constructed 31 atom-centered
Wannier orbitals for each spin (see the supplementary
materials).
To reveal the signitures of Hundness and Mottness,
we calculate the temperature and doping dependence of
3FIG. 2. The temperature and doping dependence of the local spectrum of the charge, spin and orbital susceptibilities. (a)
The temperature dependence of static spin susceptibility (χs) of d orbitals (red dots), t2g orbitals (green diamonds), and eg-
orbitals (orange squares) in La0.8Ba0.2NiO2 and FeSe. (b) Orbital-resolved static spin susceptibility (χ
s
ij) of Ni-d orbitals in
La0.8Ba0.2NiO2 and Fe-d orbitals in FeSe at T = 900 K. (c) The temperature dependence of static orbital susceptibility (χ
o
ij) of
Ni-d orbitals in La0.8Ba0.2NiO2 and Fe-d orbitals in FeSe. (d) Orbital susceptibility (χ
s
ij) of Ni-d orbitals in La0.8Ba0.2NiO2 and
Fe-d orbitals in FeSe at T = 900 K. (e) The temperature dependence of χs(τ = β/2) of d orbitals (red dots), t2g orbitals (green
diamonds), and eg-orbitals (orange squares) in La0.8Ba0.2NiO2 (filled markers) and FeSe (empty markers). (f) Orbital-resolved
dynamical contribution of spin susceptibility (∆χsij) of Ni-d orbitals in La0.8Ba0.2NiO2 and Fe-d orbitals in FeSe at T=900
K. (g) The doping dependence of instantaneous intraorbital charge susceptibility (χsii(τ = 0)) of d orbitals in La0.8Ba0.2NiO2
(markers) and FeSe (dashed lines). (e) Instantaneous charge susceptibility (χsij(τ = 0)) of Ni-d orbitals in La0.8Ba0.2NiO2 and
Fe-d orbitals in FeSe at T = 900 K.
the local spectrum of the charge, spin and orbital sus-
ceptibilities and check if there are signatures of Hund-
ness: spin-orbital separation, enhanced dynamical spin
susceptibility, and orbital decoupling. Although five Ni-
d orbitals in La1-δBaδNiO2 show several key signatures
of a Hund’s metal, these signatures are primarily evident
in the active Ni-eg orbitals and not the inactive Ni-t2g
orbitals.
Five Ni-d orbitals in La1-δBaδNiO2 show clear
spin-orbital separation. Fig. 2(a) and Fig. 2(c)
show the temperature dependence of the static local
susceptibility in spin (χstot) and orbital (χ
o
ij) chan-
nels. These are defined as χstot =
∫ β
0
dτχstot(τ), and
χoij =
∫ β
0
dτχoij(τ). Here χ
s
tot(τ) =
∑
i,j=Ni-d χ
s
ij(τ),
χsij(τ) =
∑
σ,σ′=↑,↓(−1)
1+δσσ′χiσ;jσ′ (τ)/4, χ
o
ij(τ) =∑
k,l=i,j
∑
σ,σ′=↑,↓(−1)
1+δklχkσ;lσ′ (τ), χiσ;jσ′ (τ) =
〈∆niσ(τ)∆njσ′ (0)〉, and ∆niσ(τ) = niσ(τ) − 〈niσ(τ)〉.
According to Deng et al. [70], the temperatures at which
the screening of the spin and orbital degrees of freedom
becomes noticeable are one of the key measures with
which to distinguish between Mott and Hund physics.
These onset screening temperatures in spin and orbital
channels can be obtained by estimating the temperature
at which these susceptibilities deviates from Curie-like
4behaviors. In the Mott regime, these two energy scales
coincide. In contrast, in the Hund regime, the orbital
onset temperature is much higher than the spin onset
temperature. At a temperature between these two onset
temperatures, the spin susceptibility is Curie-like but
the orbital-susceptibility is Pauli-like. This is exactly
the behavior seen in FeSe. In FeSe, the local spin
susceptibility is Curie-like (red dots in Fig. 2(a)), but
the local orbital susceptibility approaches its maximum
upon cooling (red dots in Fig. 2(c)). La0.8Ba0.2NiO2
behaves like FeSe. The spin degree of freedom (red dots
in Fig. 2(a)) shows Curie-like behavior. In contrast,
the orbital susceptibility between any Ni-d orbital pair
shows a downturn of the susceptibility upon cooling (red
dots in Fig. 2(c)).
Five Ni-d orbitals in La1-δBaδNiO2 show enhanced dy-
namical spin susceptibility. According to Werner et al.
[21], at the spin-freezing crossover regime where Hund-
ness dominates the electron correlation, the system shows
enhanced χstot(τ = β/2) [57] and it increases linearly
upon heating. The coefficent of linear term can be related
to NMR relaxation rates [71]. If Hundness gets stronger,
the system shows sublinear temperature dependence. As
shown in Fig 2(e), both Fe-d (empty red dots) orbitals in
FeSe and Ni-d orbitals (filled red dots) in La1-δBaδNiO2
show sublinear dependence in temperature.
Five Ni-d orbitals in La1-δBaδNiO2 show orbital decou-
pling behavior, much like the Fe-d orbitals in FeSe. Ac-
cording to de’ Medici [11], a Hund’s metal shows orbital
decoupling and this manifests in the suppressed instan-
taneous interorbital charge susceptibility (χci6=j(τ = 0))
while the intraorbital susceptibility (χci=j(τ = 0)) is finite
[13, 72]. Here, χcij(τ = 0) =
∑
σ,σ′=↑,↓ χiσ;jσ′ (τ = 0).
Fe-d orbitals in FeSe show the predicted orbital decou-
pling, as shown in Fig. 2 (h). χci6=j(τ = 0) between
any two pairs of Fe-d orbitals is negative and strongly
suppressed in comparison to any intraorbital one. Simi-
larly, the interorbital, instantaneous charge susceptibility
is suppressed in the Ni-d orbitals of La1-δBaδNiO2.
However, there is an important distinction between the
Ni-d orbitals in La1-δBaδNiO2 and Fe-d orbtials in FeSe:
The t2g orbitals in La1-δBaδNiO2 are inactive. This is
anticipated from the electron occupation of Ni-t2g or-
bitals listed in Table I. The idea of inactive t2g orbitals
in La1-δBaδNiO2 can be demonstrated further by exam-
ining the local susceptibilities in the spin, orbital, and
charge channels. This makes it difficult to conclude that
La1-δBaδNiO2 is an canonical d-orbital Hund’s metal.
Let us discuss.
First, spin fluctuations are active only in the Ni-eg
orbitals, as shown in Fig. 2 (b), which depicts χsij =∫ β
0
dτχsij(τ). In FeSe, all possible pairs of Fe-d or-
bitals show a strong spin response. In contrast, only
the Ni-eg subspace exhibits a strong spin response in
La0.8Ba0.2NiO2, while the response due to the remaining
pairs is strongly suppressed. The temperature depen-
dence of the spin susceptibility in the t2g subspace (χ
s
t2g
)
further supports the distinction between the Ni-d orbital
and Fe-d orbitals. Here, χst2g =
∑
ij=t2g
∫ β
0
dτχsij(τ).
As shown in Fig. 2 (a), χst2g (green diamonds) in
La0.8Ba0.2NiO2 strongly deviates from the Curie-like be-
haviors of χstot. This does not occur in FeSe. Most strik-
ingly, χst2g approaches zero upon cooling.
The temperature dependence of χs(τ = β/2) also sup-
port that the t2g orbitals are inactive, as shown in Fig.
2 (e), which depicts χst2g(τ = β/2) =
∑
ij=t2g
χsij(τ =
β/2). In contrast to the Fe-d orbitals in FeSe where
χst2g(τ = β/2) (empty green diamonds) shows sublin-
ear temperature dependence similar to χstot(τ = β/2),
χst2g(τ = β/2) of the Ni-d orbitals in La0.8Ba0.2NiO2
(filled green diamonds) is essentially zero over a wide
range of temperatures.
The dynamical contribution to the local spin suscepti-
bility (∆χsij) provides additional evidence that the Ni-t2g
orbitals are inactive. Here ∆χsij =
∫ β
0
dτ{χsij(τ)−χ
s
ij(τ =
β/2)}. According to Werner et al. [21], in the spin-
freezing crossover regime where Hundness dominates, the
system has a large spin susceptibility (χs) with a sup-
pressed ∆χs. As shown in Fig. 2 (f), all possible pairs
of ∆χsi,j in FeSe are active. In contrast, the Ni-eg orbital
contributions dominate in La0.8Ba0.2NiO2.
Second, the static orbital susceptibility shows the sup-
pression of orbital fluctuations in the Ni-t2g subspace,
as shown in Fig. 2 (d), which depicts χoij . In FeSe, all
possible pairs of Fe-d orbitals show a strong orbital re-
sponse. In contrast, the χoij in the Ni-t2g subspace are
strongly suppressed in La0.8Ba0.2NiO2. The tempera-
ture dependence of the orbital susceptibility in the t2g
subspace (χoxy,yz), shown in Fig. 2 (c), is another dis-
tinction between Ni-d orbitals and F-d orbitals. Here, In
contrast to FeSe, where χoxy,yz (green diamonds) follows
χox2-y2,z2 (orange squares), χ
o
xy,yz (green diamonds) in
La0.8Ba0.2NiO2 strongly deviates from χ
o
x2-y2,z2(orange
squares). Most strikingly, χoxy,yz approaches zero upon
cooling.
Third, the instantaneous charge susceptibility exhibits
intraorbital charge fluctuations primarily in the Ni-eg
subspace. Fig. 2 (g) and (h) show χcii(τ = 0). In FeSe,
all five intraorbital components are similar in magnitude.
In contrast, χcii=Ni-t2g (τ = 0) is strongly suppressed in
comparison to χcii=Ni-eg (τ = 0) in La0.8Ba0.2NiO2.
Once we narrow down our view from all Ni-d or-
bitals into only the Ni-eg orbitals, we can successfully
find all signatures of a Hund’s metal in the tempera-
ture and doping dependence of the local spectrum of
the charge, spin and orbital susceptibilities. Two Ni-
eg orbitals in La1-δBaδNiO2 show clear spin-orbital sep-
aration, as shown in Fig. 2(a) and Fig. 2(c), which
depict the temperature dependence of static local spin
(χseg ) and orbital (χ
o
x2−y2,z2) susceptibility. Here χ
s
eg
=
5FIG. 3. (a) Reduced local many-body density on the Ni-3d
multiplets in La0.8Ba0.2NiO2 at T=300K. Each multiplet has
been labeled by using the Ni-3d total spin (Sd) and Ni-3d total
charge (Nd). The Ni-eg total charge (Neg ) are also shown.
(e) Reduced local many-body density on Ni-eg multiplets in
La0.8Ba0.2NiO2 at T=300K. Each multiplet has been labeled
by using Ni-eg total spin (Seg ) and Ni-eg total charge (Neg ).
∑
ij=eg
∫ β
0
dτχsij(τ). As in the case of χ
s
tot(red circles),
χseg (orange squares in Fig. 2(a)) shows Curie-like tem-
perature dependence but χo
x2−y2,z2 (orange squares in
Fig. 2(c)) shows Pauli-like temperature dependence.
Furthermore, Ni-eg orbitals in La1-δBaδNiO2 show en-
hanced dynamical spin susceptibility. Fig. 2(e) shows
χseg (τ = β/2) =
∑
ij=eg
χsij(τ = β/2). It shows that
χseg (τ = β/2) in Ni atom (filled orange squares) has a
sublinear temperature dependence similar to χstot(τ =
β/2). Ni-eg orbitals in La1-δBaδNiO2 show orbital decou-
pling behavior as the Fe-d orbitals in FeSe. As shown in
Fig. 2(h), χcx2−y2,z2(τ = 0) is strongly suppressed. Thus
we conclude that La1-δBaδNiO2 is a eg Hund’s metal:
That is, the Hundness exists only among the Ni-eg or-
bitals.
To further clarify the microscopic origin of Ni-eg
Hund’s metallic behaviors, we investigate the reduced
local many-body density or local probabilities of Ni-
3d multiplet states in the atomic limit. Fig. 3 (a)
shows the valence histogram for the Ni-3d multiplets in
La0.8Ba0.2NiO2. That is, it shows a partial trace over
the density matrix of the full Hilbert space, where this
partial trace excludes the Ni-3d subsystem in order to
reveal the probability that a given multiplet state in the
correlated Ni-3d subsystem is occupied. We decompose
the Ni-3d subspace according to the total charge (Nd) of
the mutliplet states, and find that for Nd =7, 8, 9 and 10,
the most probable states involve the total spin Sd = 1/2,
1, 1/2, and 0 as well as the occupation of the eg orbitals
is 1.47. 2, 3, and 4, respectively. Interestingly, these can
be intrepreted as the multiplets which maximize the to-
tal spin of the Ni-eg electron in each Neg subspace; these
are not the multiplets which maximize the total spin of
all N-3d electrons in each Nd subspace. The reduced lo-
cal many-body density on the Ni-eg multiplets shown in
Fig. 3 (b) supports this observation. The most proba-
ble Ni-eg multiplet in each Neg subspace is the one with
maximum Ni-eg total spin (Seg ). Again, this supports
our conclusion that Hund metallic behaviors are limited
to the Ni-eg orbitals.
Conclusion. By using ab initio LQSGW+DMFT
methodology, we demonstrated that on-site Hund’s coul-
ing in Ni-d orbitals results in multiple signatures of
Hund’s metallic phase in Ni-eg orbitals. Our finding
sheds a new light on Hundness in the correlated quantum
materials and has potential implications for the broad
range of correlated two orbital systems and the role of
on-site Hund’s coupling away from half-filling [11, 49, 73].
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LQSGW CALCULATION
LQSGW calculations are performed by using FlapwMBPT package [1], which is based on full-potential linearized
augmented plane wave plus local orbital method. For La1−δBaδNiO2, experimental lattice constants and atomic
positions [2] for NdNiO2 are used. The Muffin-tin (MT) radius (R) is selected as follows: 2.7 for La/Ba, 2.1 for Ni,
and 1.8 for O in Bohr radius. Wave functions are spanned by spherical harmonics with l up to 8 for La/Ba, 6 for Cu,
and 6 for O in the MT spheres. In the interstitial region (IS), it is spanned by plane waves with the cutoff (Kcut) of
RNiKcut= 8.8. Product basis set is spanned by spherical harmonics with l up to 8 for La/Ba, 6 for Cu, and 6 for O
in the MT spheres and by planewaves with the cutoff (Gcut) of RNiGcut= 13 in IS region. All the unoccupied states
are taken into account for both polarizability and self-energy calculation. The Brillioun zone is sampled in 444 grid.
For FeSe and NiO, please see this paper[3].
WANNIER FUNCTION CONSTRUCTIONS
For La1−δBaδNiO2, 31 Wannier functions are constructed with a frozen energy window between -10 eV to 11.2
eV and with disentanglement energy window of -10 eV to 52 eV: La-s, La-p, La-d, La-f, Ni-s, Ni-p, Ni-d, and O-
p orbitals. Initial trial orbitals are constructed by using Muffin-tin orbitals in LAPW basis set with well-defined
angular momentum characters. Final Wannier orbitals are centered exactly at the targeted atom. Their orbital
characters, calculated Wannier centers, and spreads are in Table I. Here, atomic positions of La, Ni and two O
are (1.960000, 1.960000, 1.640000), (0.000000, 0.000000, 0.000000), (0.000000, 1.960000, 0.000000) and (1.960000,
0.000000, 0.000000), respectively.
CONSTRAINED RANDOM PHASE APPROXIMATION
We calculated the bosonic Weiss field U˜ associated with the correlated d orbitals within constrained random phase
approximation (cRPA) [4, 5] and its Slater’s integrals. Here we stress that the bosonic Weiss field U˜ from cRPA is
a way to evaluate U˜ and not identical to U˜ from ideal fully self-consistent GW+EDMFT. Within cRPA, the bosonic
Weiss field U˜ is obtained by separating out the RPA polarizability (P lowQP ) from the correlated states. In ComDMFT
P lowQP is defined by identifying correlated bands [5–7]. These are bands having strong Ni-d orbital characters are chosen
as correlated bands at each k point. The number of correlated bands is set to be the number of correlated orbitals
for each spin.
Then, P lowQP is defined in the following way.
P lowQP (r, r
′,k, iνn) = −2
∑
k′
unoccupied
correlated bands∑
N
occupied
correlated bands∑
M
ψNk′(r)ψ
∗
Mk′+k(r)ψ
∗
Nk′(r
′)ψMk′+k(r′)
2(ENk′ − EMk′+k)
ν2n − (ENk′ − EMk′+k)
2
,
(1)
Here, ψNk(r) and Enk are quasiparticle wave function and quasiparticle energy with a band index N and crystal
momentum vector k, respectively.
2TABLE I. Wannier function orbital characters, calculated wannier centers, and spreads of La0.8Ba0.2NiO2
orbital type center spread (A˚2)
1 La-s ( 1.960000, 1.960000, 1.640000 ) 2.74772016
2 La-py ( 1.960000, 1.960000, 1.640000 ) 2.62769922
3 La-pz ( 1.960000, 1.960000, 1.640000 ) 2.44701728
4 La-px ( 1.960000, 1.960000, 1.640000 ) 2.62769922
5 La-dxy ( 1.960000, 1.960000, 1.640000 ) 2.14236838
6 La-dyz ( 1.960000, 1.960000, 1.640000 ) 1.89698543
7 La-dz2 ( 1.960000, 1.960000, 1.640000 ) 2.01022884
8 La-dxz ( 1.960000, 1.960000, 1.640000 ) 1.89698543
9 La-dx2−y2 ( 1.960000, 1.960000, 1.640000 ) 1.95727422
10 La-fy(3x2−y2) ( 1.960000, 1.960000, 1.640000 ) 1.08079931
11 La-fxyz ( 1.960000, 1.960000, 1.640000 ) 1.16139012
12 La-fyz2 ( 1.960000, 1.960000, 1.640000 ) 1.00988505
13 La-fz3 ( 1.960000, 1.960000, 1.640000 ) 0.84709070
14 La-fxz2 ( 1.960000, 1.960000, 1.640000 ) 1.00988505
15 La-fz(x2−y2) ( 1.960000, 1.960000, 1.640000 ) 0.73111829
16 La-fx(x2−3y2) ( 1.960000, 1.960000, 1.640000 ) 1.08079931
17 Ni-s ( 0.000000, -0.000000, 0.000000 ) 1.84519013
18 Ni-py ( -0.000000, 0.000000, -0.000000 ) 1.57878888
19 Ni-pz ( -0.000000, 0.000000, -0.000000 ) 1.92206829
20 Ni-px ( 0.000000, -0.000000, -0.000000 ) 1.57878888
21 Ni-dxy ( 0.000000, -0.000000, -0.000000 ) 0.39838710
22 Ni-dyz ( -0.000000, -0.000000, -0.000000 ) 0.38935269
23 Ni-dz2 ( -0.000000, 0.000000, -0.000000 ) 0.34985191
24 Ni-dxz ( -0.000000, -0.000000, -0.000000 ) 0.38935269
25 Ni-dx2−y2 ( -0.000000, 0.000000, 0.000000 ) 0.31000163
26 O-py ( -0.000000, 1.960000, -0.000000 ) 0.56811085
27 O-pz ( -0.000000, 1.960000, -0.000000 ) 0.78206995
28 O-px ( -0.000000, 1.960000, 0.000000 ) 0.82293584
29 O-py ( 1.960000, -0.000000, -0.000000 ) 0.82293584
30 O-pz ( 1.960000, -0.000000, -0.000000 ) 0.78206995
31 O-px ( 1.960000, -0.000000, -0.000000 ) 0.56811085
Using P highQP = PQP − P
low
QP where PQP is RPA polarizability, the partially-screened Coulomb interaction (Wr) is
calculated by
W−1r (r, r
′,k, iνn) = V −1(r, r′,k)− P
high
QP (r, r
′,k, iνn). (2)
Next, Slater’s integrals (F k) [8, 9] are calculated using Wr(r, r
′,R = 0, iνn) and Wannier functions for the correlated
orbitals. Here we note that Slater parameterization of Coulomb interaction tensor is an approximation by assuming
full rotation symmetry.
F k(iνn) =
1
Clk
4pi
2k + 1
∑
m1,m2,m3,m4
∑
m′
1
,m′
2
,m′
3
,m′
4
〈Y m1l |Y
m1−m4
k Y
m4
l 〉〈Y
m2
l Y
m2−m3
k |Y
m3
l 〉
Sm1m′1Sm2m′2S
−1
m3m
′
3
S−1
m4m
′
4
∫
drdr′Wr(r, r′, R = 0, iνn)
W ∗R=0,m′
1
(r)W ∗R=0,m′
2
(r′)WR=0,m′
3
(r′)WR=0,m′
4
(r),
(3)
where Clk =
(2l+1)4
2k+1
[
l k l
0 0 0
]
,
[
l k l
0 0 0
]
is the Racah-Wigner 3j-symbol, Sm1m′1 = 〈Ylm1 |Y
m
l 〉, |Y
m
l 〉 is spherical har-
monics, and |Ylm〉 is cubic spherical harmonics. WR,m(r) is a Wannier function for a correlated orbital with angular
part of cubic spherical harmonics Ylm in the unicell at R.
3DOUBLE COUTING ENERGY
The electron self-energy included in both ab initio LQSGW and DMFT are the local Hartree term and the local
GW term. They can be calculated as follows.
Σ˜DC,i,j(iωn) = 2
∑
k,l=m′
l
G˜l,k(τ = 0
−)U˜iklj(iν = 0)−
∑
k,l
∫
dτG˜l,k(τ)W˜ikjl(τ)e
iωnτ . (4)
where i,j,k and l are orbital indices. G˜ is the local Green’s function. U˜ is constructed by using Slater’s integrals in
eq. (3).
U˜i,j,k,l(iνn) =
∑
m′
1
m′
2
,m′
3
m′
4
Si,m1Sj,m2S
−1
k,m3
S−1l,m4
2l,even∑
k=0
4pi
2k + 1
〈Y
m′
1
l |Y
q
k Y
m′
4
l 〉〈Y
m′
2
l Y
q
k |Y
m′
3
l 〉F
k(iνn).
(5)
Here, we assume that the frequency dependent interaction is of the form
U˜ijkl(iνn) = U˜ijkl + F
0(iνn)δilδjk, (6)
that is, only the dynamical screening of the Slater-Condon parameter F 0 is taken into account. The other Slater-
Condon parameters, which define U˜ijkl, are frequency independent and approximated by their value at νn = ∞. W˜
is the local screened Coulomb interaction given by
W˜ikjl(iνn)=U˜ikjl(iνn) +
∑
mnpq
U˜imnl(iνn)P˜mpqn(iνn)W˜pkjq(iνn), (7)
where P˜ is the local polarizability and it is calculated as
P˜mpqn(iνn) =
∫
dτG˜n,p(τ)G˜q,m(−τ)e
iνnτ . (8)
DMFT SELF-CONSISTENT EQUATION
At each iteration of fermionic DMFT self-consistent loop, fermionic Weiss-field is constructed in the following way.
G˜ =
( 1
Nk
∑
k
f †
k
G(k, iωn)fk
)−1
+ Σ˜imp
−1 (9)
Here fk is the fermionic projection operator to correlation orbitals (five Ni-d orbitals) and given by fk = 〈r|Wik〉 where
|Wik〉 =
1√
Nk
∑
R
|WiR〉e
ik·R. Σ˜imp is impurity self-energy from impurity solver. Within ab initio LQSGW+DMFT,
lattice Green’s function is calculated by embedding impurity self-energy into the LQSGW Green’s function
G−1(k, iωn) = iωn −HnlQP (k) − fkΣ˜imp(iωn)f
†
k
, (10)
where, HnlQP is non-local LQSGW hamiltonian[10], in which double-counting self-energy is compensated up to linear
order in frequency.
HnlQP (k) =
√
Z−1DC(k)HQP
√
Z−1DC(k)− fkΣ˜DC(ω = 0)f
†
k
. (11)
Here,HQP is Wannier interpolated LQSGWHamiltonian into 15×15×15 k-grid. Z
−1
DC(k) = 1−fk
(
∂Σ˜DC(ω = 0)/∂iωn
)
f †
k
.
ComDMFT necessitates the solution of an impurity model action. In ComDMFT, hybridization-expansion contin-
uous time quantum Monte Carlo (CTQMC) is adopted. CTQMC is a stochastic approach to obtain numerically exact
4solutions of an impurity model. An impurity model consists of a small interacting system, the impurity, immersed in
a bath of non-interacting electrons. The action of the impurity model relevant for GW+DMFT reads
S =−
∫∫ β
0
∑
ij
c†i (τ)G˜
−1
ij (τ − τ
′)cj(τ ′)dτdτ ′
+
1
2
∫∫ β
0
∑
ijkl
c†i (τ)c
†
j(τ
′)U˜ijkl(τ − τ ′)ck(τ ′)cl(τ)dτdτ ′ ,
(12)
where c†i creates an electron in the generalized orbital i (which includes both spin and orbital degrees of freedom), β
is the inverse temperature, G˜ij is the fermionic Weiss field in eq. (9) and U˜ijkl in eq. (5).
We assume that the frequency dependent interaction is of the form
U˜ijkl(iνn) = U˜ijkl + F
0(iνn)δilδjk, (13)
that is, only the dynamical screening of the Slater-Condon parameter F 0 is taken into account, for the simplicity
in the numerical algorithm based on hybridization-expansion CTQMC. The other Slater-Condon parameters, which
define U˜ijkl, are frequency independent and approximated by their value at νn =∞.
ORBITAL-RESOLVED SPECTRAL FUCTION OF UNDOPED LANIO2
FIG. 1. Total and orbital-resolved spectral function of LaNiO2 along a high-symmetry line within ab initio LQSGW+DMFT.
Among the two bands crossing the Fermi level, the lower energy band shows Ni-dx2−y2 character. The other self-doping band
at higher energy is a mixture of four different orbitals. In the Γ-X-M-Γ plane, its orbital characters are La-dz2 and Ni-dz2 . In
the Z-R-A-Z plane, its orbital characters are La-dxy and Ni-pz.
Fig. 1 shows total and orbital-resolved spectral function of LaNiO2 along a high-symmetry line within ab initio
LQSGW+DMFT. The bandstructure and orbital characters are essentially the same as those of La0.8Ba0.2NiO2. the
total spectral function shows that there are two bands crossing the Fermi level. Of these two bands, the lower energy
5band shows strong two dimensional character, and it is dominated by the Ni-dx2−y2 orbitals. The remaining band,
the so called self-doping band, is a higher energy band which shows strong hybridization between other Ni orbitals
and La orbitals. The band dispersion varies strongly along the direction normal to the Ni-O plane (zˆ), demonstrating
the strong 3-dimensional character of the self-doping band [11]. Moreover, the orbital character of the self-doping
band is strongly dependent on kz. In the kz=0 plane, the orbital character of the self-doping band is mostly La-dz2
and Ni-dz2 [12, 13], In contrast, in the kz = pi/c plane, where c is the lattice constant along the zˆ direction, its orbital
character is mostly La-dxy and Ni-pz.
FERMI-SURFACE
FIG. 2. La1−δBaδNiO2 Fermi surface in the kz = 0 plane and kz = pi/c plane within (a) ab initio LQSGW+DMFT, (b)
LQSGW and (c) LDA
Fig. 2 shows La1−δBaδNiO2 Fermi surface in the kz = 0 plane and kz = pi/c plane and compares three different
methodologies of ab initio LQSGW+DMFT, LQSGW and LDA. In comparison to LDA, where the electron pocket
in the kz = 0 disappears at the 0.2 Ba doping, the electron pocket within ab initio LQSGW+DMFT and LQSGW is
still present at the 0.2 Ba doping. Within ab initio LQSGW+DMFT, two dimensionality of Ni-dx2−y2 hole-pocket is
strong and it is robust against Ba-doping. As shown in Fig. 2 (a), the position and size of Ni-dx2−y2 hole-pocket in
kz = 0 plane are similar to those in kz = pi/c plane. In addition, these do not change by Ba-doping. This is in sharp
contrast to LQSGW where two dimensionality of the Ni-dx2−y2 hole-pocket is weaker [14] and LDA where Ni-dx2−y2
hole-pocket shape is strongly affected by Ba doping.
6DOPING DEPENDENCE OF ORBITAL OCCUPATION
FIG. 3. (a) The doping dependence of orbital occupation. (a) Doping induced orbital occupation change
Fig. 3 shows the doping dependence of orbital occupation. In the undoped compound, Ni-t2g orbitals are almost
fully filled. In contrast, Ni-eg orbitals are partially filled. Due to the self-doping effect, Ni-dx2−y2 orbital is away from
half-filling. Upon Ba doping, the occupation of Ni-dx2−y2 approaches to half-filling [15, 16]. Up to 30% Ba doping,
only ∼ 30% of the doped hole goes into Ni-d orbitals, especially Ni-dx2−y2 , but all the remaining holes go into other
orbitals, especially La-dz, La-dxy and Ni-pz.
7COMPARISON OF U, J, AND PDOS BETWEEN LA0.8BA0.2NIO2 AND FESE
FIG. 4. (a) U and (b) J for Ni-d orbitals in La0.8Ba0.2NiO2, Fe-d orbitals in FeSe, and Ni-d orbitals in NiO within the
constrained random phase approximation. In the static limit, the U of the Ni-d orbitals in La0.8Ba0.2NiO2 is much smaller
than in NiO and even smaller than that of the Fe-d orbitals in FeSe. In the entire frequency range, the J for Ni-d orbitals in
La0.8Ba0.2NiO2 is larger than the J of Fe-d orbitals in FeSeProjected density of states to La-eg orbitals in La0.8Ba0.2NiO2 and
Fe-t2g orbitals in FeSe
Based on the Coulomb interaction calculation within the constrained random phase approximation (cRPA), it
is legitimate to assume the dominance of Hundness over “Mottness” in La1−δBaδNiO2. Fig. 4 shows the on-site
Hubbard and Hund interactions among five Ni-d orbitals within the constrained random phase approximation. For
comparison, we plotted the U and J of Ni-d orbitals in NiO and Fe-d orbitals in FeSe. As is typical, U is strongly
frequency dependent, while J is not. Interestingly, the static U of the Ni-d orbitals in La0.8Ba0.2NiO2 is much smaller
than it is in the charge-transfer insulator NiO. It is even smaller than the U of Fe-d orbitals in the Hund’s metal
FeSe. In contrast, the J of the Ni-d orbitals in La0.8Ba0.2NiO2 is even larger than the J of Fe-d in the Hund’s metal
FeSe. Judging from the fact that the Ni-eg orbitals in La1−δBaδNiO2 and the Fe-t2g orbitals in FeSe show similar
bandwidths, we can safely assume the dominant role of Hundness over Mottness in La1−δBaδNiO2.
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